TIRS is a 100 meter spatial resolution push-broom imager whose two spectral channels, centered near 10.9 and 12 microns, split the spectral range of the single TM and ETM+ thermal band while still providing thermal band data continuity with previous Landsat missions. The two channels allow the use of the "split-window" technique to aid in atmospheric correction.
MISSION AND INSTRUMENTS
The LDCM consists of the Space Segment and the Ground System. The major component of the Space Segment is the satellite observatory for which NASA is responsible. USGS is responsible for the Ground System including the Ground Network Element (GNE), the Mission Operations Element (MOE), and the Data Processing and Archive System (DPAS). The LDCM, will collect and archive the global, synoptic, and repetitive OLI and TIRS imagery and will distribute data products to the general public on a no cost basis. The instruments will be operated independently but in concert with each other. Data from both instruments will be merged into a single data stream at the (USGS)/Earth Resources Observation and Science (EROS) facility. The ground system, being developed by USGS, includes an Image Assessment System (IAS), similar to Landsat-7's, to operationally monitor, characterize and update the calibrations of the two sensors. The images are taken on a scale that allows both human-generated and natural processes to be observed and differentiated. The mission will provide data to the USGS National Satellite Land Remote Sensing Data Archive (NSLRSDA) at EROS. This archive also contains data from the previous Landsat missions and is the longest continuous record of the Earth's surface as seen from space. Figure 1 is a representation of the spacecraft. Figure 1 . Drawing of the LDCM spacecraft (Courtesy of Orbital Science Corporation). In this view, the Earth is down.
The Operational Land Imager (OLI) Design Summary and Status
OLI will collect digital image data for nine shortwave spectral bands (Table 1 ) across a 185 km swath from the LDCM observatory. It will provide a 30 m spatial resolution for eight of the spectral bands and 15 m spatial resolution for a panchromatic band (Table 1) . Seven of the OLI spectral bands compare closely to the shortwave spectral bands collected by the Enhanced Thematic Mapper-Plus (ETM+) aboard Landsat 7. In addition, OLI will provide data for two new bands: the Coastal band (Band 1) added principally to provide ocean color data for coastal regions and the shortwave infrared Cirrus band (Band 9) added to aid the detection of cirrus clouds in OLI images. OLI will convert the analog photodetector image data to 12-bit digital data. Table 2 presents the required saturation levels and signal-to-noise ratios. In ground performance testing, OLI routinely exceeds the SNR requirements.
OLI is a pushbroom sensor whose focal plan is composed of long arrays of detectors; each detector corresponding to a spatial element of the image. The detectors are divided into 14 modules arranged in an alternating pattern along the centerline of the focal plane. It employs a four-mirror anastigmatic telescope to form images on the focal plane. All imaging requirements are met over a 15-degree field-of-view providing a 185 km across-track ground swath from the nominal LDCM observatory altitude of 716 km. A single OLI frame effectively corresponds to a row of pixels on the ground. The multispectral images Cirrus 6.0 N/A N/A 9 N/A are built up as this cross-track row of pixels is swept in the along-track direction. Samples are taken at a rate that corresponds to the time it takes for the orbital motion to move a spatial resolution element. For the approximately 7 km/sec ground track rate there are about 230 samples taken per second for the 30 meter resolution image data and about 460 samples per second for the 15 meter panchromatic resolution image data. There are over 6000 across-track detectors for the 30-meter spectral bands and over 12000 detectors for the 15-meter panchromatic band. The spectral bands are defined by interference filters arranged in a "butcher-block" pattern over the detector arrays in each module. Silicon PIN (SiPIN) detectors collect the visible and near-infrared spectral bands (Bands 1 to 4 and 8) while Mercury-Cadmium-Telluride (HgCdTe) detectors are used for the shortwave infrared bands (Bands 6, 7, and 9). Radiometric calibration is provided by internal stimulation lamps and an external solar diffuser mechanism.
As of this writing the OLI flight unit sensor assembly has been completed. The only remaining tasks are to mount the instrument to its baseplate and to complete the thermal assembly. Performance testing, including spatial, spectral and radiometric testing, is complete. The instrument is currently in environmental test flow and EMI/EMC, vibration and thermal vacuum/thermal balance testing is scheduled to be complete in May in preparation for a June ship date. Figure 2 shows a photograph of the completed sensor assembly with its associated electronics.
The Thermal Infrared Sensor (TIRS) Design Summary and Status
TIRS is a pushbroom sensor that will collect digital image data for two thermal spectral bands (Table 3) at 100 meter spatial resolution across a 185 km swath from the LDCM observatory. A single row consists of 1850 pixels. Because the orbital motion of the LDCM spacecraft is about 7 km/sec it takes approximately 0.014 second to move the row by 100 meters, and 70 rows of 1850 pixels are read out every second in both thermal channels. Two unilluminated rows are read from each array at the same rate. The two thermal bands cover approximately the same spectral range as the single thermal band measured in Landsats 3 to 7. Splitting the band into two segments provides a powerful tool for correcting the thermal data for atmospherics effects. As with OLI, TIRS will provide 12-bit digital data. The TIRS sensor is required to obtain data for equivalent blackbody temperatures of 240 to 360 K. Table 3 also indicates the required radiance sensitivity for each channel. For a 300 K blackbody this corresponds to a NEΔT of 0.4 K. The TIRS optical system consists of a lens with three Ge elements and one ZnSe element, producing nearly diffraction-limited images at the focal plane. The optics are radiatively cooled to a nominal temperature of 185 K to reduce the contribution of background thermal emission to the measurement noise. Because of the fairly strong thermal dependence of the index of refraction of Ge, the focus position of the lens is a function of the optics temperature. This provides a method of adjusting focus if necessary.
The TIRS Focal Plane Assembly (FPA) operates near 43 K and consists of three Quantum Well Infrared Photodetector (QWIP) arrays to span the 185 km swath width [5] . The FPA is cooled by a mechanical cryocooler controlled by the Cryocooler Electronics (CCE). Infrared filters are used to define the spectral coverage of the two channels. The imaging telescope is a 4-element refractive lens system. A scene select mechanism (SSM) rotates a scene mirror (SM) to change the field of regard from a nadir Earth view to either an on-board blackbody calibrator or a deep space view. The blackbody is a full aperture calibrator whose temperature may be varied from 270 to 330 K. Figure 3 shows a model of the TIRS sensor unit with the major elements identified. The arrays are bonded to a single silicon interface board that supplies the electrical connections between the detector arrays and two printed circuit "daughter boards". These latter are connected to the Focal Plane Electronics (FPE) by two cables. The FPE provides the clocks and biases to the arrays, and converts the analog image data from the detectors to digital data which it sends to the Main Electronics Box (MEB). The MEB, in turn, sends the digital image data to the LDCM spacecraft for transmission to the ground. The MEB also supplies power and commands to the TIRS instrument; collects and distributes housekeeping data, such a temperatures, voltages and currents; provides thermal control for the various stages of the instrument including the optics, the blackbody calibrator and the scene mirror; and controls the position of the mirror as well as sending the position data to the spacecraft for transmission to the ground. The SSM encoder position measurement is accurate to better than 10 μradian (3σ), to meet the requirement that the position of a pixel on the ground must be known to 18 meters (27 μradian). In operation, the SM is usually pointed in the nadir direction. It is rotated by the SSM to view the blackbody calibrator and then deep space during calibration cycles, which occur about once every half orbit (~ 45 minutes). This allows for the correction of possible time variable offsets and gains. In order to meet the short term noise requirements of NEdT < 0.4 K for a 300 K target, and the requirement that there be less than 0.7% drift between calibrations, the temperatures of the FPA, the optics and the SM are stabilized by active control systems. The FPA temperature is controlled by the CCE. The optics and SM temperatures are controlled by the MEB. The MEB also actively controls the temperature of the blackbody calibrator to better than 0.1 K to meet the 2% absolute radiometric accuracy requirement for scene temperatures between 260 and 330 K. Because of the relatively long time between calibrations, the inherent temporal stability of the QWIP response is also very valuable in maintaining the radiometric stability. In addition as risk mitigation, if, in flight, the thermal stability of the FPA degrades, the dark pixels may be used to correct for noise arising from dark current variations.
As of this writing the TIRS cryocooler and CCE have been tested at BATC and received at GSFC. The flight FPA has been mounted to the flight telescope and the entire assembly has undergone calibration measurements using the flight FPE to run the arrays and digitize the data. These measurements have indicated that the NEΔT requirements will be met with more than a factor of 2 margin. The flight structure has been received and undergone environmental testing. The SSM has undergone performance and environmental testing and is being integrated to the structure with the optics and FPA. All flight electronics boards have been fabricated and are currently undergoing board level testing in preparation for assembly into the MEB. MEB performance and environmental testing will begin in May for a delivery to I&T in June. The next round of calibration and performance testing with the fully integrated sensor unit (SU) will begin in July. The Pre Environmental Review (PER) is scheduled for September leading to the scheduled completion of the fully tested SU in November for a pre-ship review n December. Figure 4 shows photographs of some of the TIRS flight subsystems.
GROUND SYSTEM, CALIBRATION AND ALGORITHMS
The USGS is developing the Ground System which provides the necessary planning, scheduling and operating characteristics for the Space Segment and includes the capabilities necessary to manage the science data. Real time operations are controlled by the Mission Operations Element (MOE). The Mission Operations Center (MOC) will house the MOE. The MOE will send commands to the satellite once every 24 hours via S-band communications from a network of ground receiving and transmitting stations, the Ground Network Element (GNE). The daily schedule will be driven by a Long Term Acquisition Plan (LTAP-8) that sets priorities for collecting data along the satellite ground paths covered in a particular 24-hour period.
Nominally schedule the collection of 400 OLI and TIRS scenes will be scheduled each day. A scene is defined as covering a 185-by-180 km surface area. The objective of scheduling and data collection will be global landmass, cloud-free coverage on a seasonal basis.
The USGS will also develop the Data Processing and Archive System (DPAS) that will ingest, process, and archive all LDCM science and mission data returned from the LDCM observatory. The DPAS will consist of several subsystems which will produce the Level 0 data and associated metadata, generate the Level 1 radiometrically calibrated and orthorectified images of the surface registered to a cartographic projection and perform OLI and TIRS data characterization, analysis, and trending, to create the bias and calibration parameters required for Level-1 product generation. The DPAS will also provide a public Web interface to allow users to search for and receive data products at no cost to the users. The DPAS is located at the USGS Earth Resources Observation and Science (EROS) Center near Sioux Falls, South Dakota.
Consistent with previous Landsat missions, the LDCM OLI and TIRS will be fully calibrated prior to launch. Calibration measurements have been, and will be, done at the component, subsystem and instrument level using NIST-traceable instrument sources. The calibration analysis done in DPAS will serve to provide time dependent corrections to the ground based parameters if necessary. Instrument algorithm development is being done in concert with the USGS and LDCM calibration validation and algorithm teams. Since both TIRS and OLI are pushbroom sensors there is significant commonality in their algorithm requirements and structures. This commonality is taken being used to maximize parallel development. In addition, Landsat heritage algorithms are used when possible.
The LDCM will collect, archive, process, and distribute science data in a manner consistent with that done for the Landsat 7 mission. The observatory will operate in a 716 km near-circular, near-polar, sun-synchronous orbit with a 16-day ground track repeat cycle. Equatorial crossing will be at 10:00 a.m. (+/-15 minutes) mean local time during the descending node of each orbit. The LDCM observatory will follow a sequence of fixed ground tracks (also known as paths) defined by the second Worldwide Reference System (WRS-2), a path/row coordinate system used to catalog the image data acquired from the Landsat 4, 5, and 7 satellites.
CONCLUSION
The Landsat program has provided an invaluable record of land cover and land use change for almost four decades. The LDCM will continue that record with the OLI and TIRS instruments providing data continuity with past Landsat missions. Indeed, the addition of new channels to both instruments and improved sensitivity obtained by the pushbroom implememntation promises to improve upon past performance. NASA and USGS are striving to launch the LDCM, by December 2012 in order to minimize data gaps. The LDCM observatory, ground system, and mission operations concept will ensure the collection, archive, and distribution of the multispectral image data necessary to continue and improve upon the Landsat record.
